The downy mildew disease, caused by the biotrophic oomycete Peronospora variabilis, is the largest environmental threat to quinoa (Chenopodium quinoa Willd.) cultivation in the Andean highlands. However, so far no molecular information on the quinoa-Peronospora interaction has been reported. Here, we have developed tools to study the downy mildew disease in quinoa at gene expression level. Living P. variabilis could be isolated and maintained in the presence of a fungicide, allowing the characterization of downy mildew disease progression in two differently susceptible quinoa cultivars under controlled conditions. Quinoa gene expression changes induced by P. variabilis were analysed by qRT-PCR for quinoa homologues of Arabidopsis thaliana pathogen-associated genes. Overall, we observed a slower disease progression and higher tolerance in the quinoa cultivar Kurmi than in the cultivar Maniquena Real. We also observed that quinoa orthologs of A. thaliana genes involved in the salicylic acid defense response pathway (AtCAT2 and AtEP3) did not have changes in its gene expression. In contrast, quinoa orthologs of A. thaliana gene markers of the induction of the jasmonic acid response pathway (AtWRKY33 and AtHSP90) were significantly induced in plants infected with P. variabilis. These genes could be used as defense response markers to select quinoa cultivars that are more tolerant to P. variabilis infection.
Introduction
Quinoa (Chenopodium quinoa Willd.) is an allotetraploid annual crop in the amaranth family domesticated by pre-Columbian civilizations in the central Andes of South America approximately 7,000 years ago. Quinoa grains have gained increasing importance in the food market because of its high nutritional value [1, 2] . The ability of quinoa to endure severe drought and high salt 7 For P. variabilis RNA extraction, the sporangiospore/sporangiophore suspensions were prepared by scraping sporangiophores attached to C. quinoa leaves from 9 dpi-infected plants. The sporangiospore/sporangiophore suspension was immediately shock-frozen with liquid nitrogen.
Total RNA from quinoa or P. variabilis was extracted using the Purelink RNA Mini Kit (Thermo Scientific). Briefly, fresh samples were ground under liquid nitrogen in a precooled mortar without letting the samples thaw followed by addition of 1000 µl of Purelink lysis buffer (Thermo Scientific) supplemented with 2-mercaptoethanol [10 µl/ml]. Grinding continued until samples had thawed, and samples were placed in 1.5 ml microcentrifuge tubes. Thereafter, the RNA extraction was performed as described by the Manufacturer.
Molecular detection of P. variabilis PvCOX2
RT-PCR of the PvCOX2 was done with the primer pairs previously described 
cDNA synthesis and qRT-PCR analysis
Isolated RNA was quantified by fluorometry using a Qubit 2.0 and RNA quality was verified by examination of the banding pattern on agarose gels. Synthesis of cDNA was carried out with 500 ng of total RNA added to each 20 µl reaction of the High Capacity cDNA Reverse Transcription Kit (Thermo Scientific). The cDNA samples were stored at -20°C for downstream analysis. 
Results

Isolation and characterization of P. variabilis isolate Kari
Whole quinoa plants with the abaxial leaves heavily covered with dark grey sporulation structures typical of downy mildew disease were transplanted to pots with fresh soil and transported to our experimental facility greenhouse (Cota cota, La Paz, Bolivia). A single infected leaf was selected and its sporangiospores were scraped off and suspended in sterile ddH 2 O supplemented with the fungicide propiconazole. In preliminary experiments, twenty attempts to produce a virulent sporangiospore suspension without the fungicide were unsuccessful.
The sporangiospore suspension was inoculated onto four-week-old quinoa cv. Real plants within 3 hours of sporangiospore collection. These were covered immediately to increase humidity, and thus increase the likelihood of P. variabilis infection and sporulation. Seven days post inoculation (dpi) we observed heavy sporulation in the abaxial part of some leaves. The sporangiospores were collected, suspended and inoculated onto healthy three-week-old quinoa plants. Thereafter, P.
variabilis was maintained in quinoa cv. Real plants under controlled conditions (13 months at the moment of writing).
In order to verify the identity of P. 
Downy mildew disease progression in two C. quinoa cultivars
We evaluated the downy mildew disease progression in two quinoa cultivars upon four repeated infection experiments. Three-week-old quinoa plants inoculated with a P. variabilis sporangiospore suspension showed folded and moderately chlorotic leaves 5 days after the inoculation (5 dpi), which are initial signs of downy-mildew infection in quinoa [17] . Chlorotic patches of leaves was obvious in the Kurmi cultivar but was barely observed in Real. At 5 dpi none of the cultivars presented sporulation.
Seven days after inoculation (7 dpi) the Real cultivar started to show sporulation signs on the abaxial side of the leaves but Kurmi did not (Fig 2) . At this timepoint, chlorotic leaf patches were observed in Kurmi and to a lesser extent in Real (Fig 2) . However, image analysis showed that in both quinoa cultivars the chlorophyll content at 7 dpi was significantly lower in leaves of infected plants as compared to control plants (Fig 3) .
The effect on vitality of quinoa was further evaluated until 21 dpi (Fig 4) . Here, we observed that from 9 dpi, both Kurmi and Real showed heavy sporulation on the abaxial part of the leaves. In the 1 4 but no PCR product was observed in mock-treated plants (Fig 5) . This verified that quinoa plants were infected with P. variabilis as intended. . Therefore, the top hit from each forward BLAST search was selected for primer design. The gene selected was identified with a letter at the end of the gene name abbreviation in order of sequence similarity to the A. thaliana gene ( Table 1 ). The reference genes selected were the orthologs of At3g18780 (Actin 2, AtACT2) and At2g28390 (Monensin Sensitivity 1, AtMON1). The quinoa ortholog of AtACT2 with the highest BLAST score out of 4 ortholog sequences was AUR62014374 (identified in our study as CqACT2). AtMON1 had two quinoa orthologs: AUR62020295 and AUR62037705 (identified as CqMON1A and CqMON1B, respectively). Due to the high nucleotide sequence identity (98%) between the CqMON1 orthologs our primer pair targeted both genes, and we denote both genes as CqMON1 ( Table 1 ). The selected quinoa reference genes showed similar stability in qRT-PCR product formation over the population of samples, displaying average Ct and standard deviation of 20 ± 0.6 and 23 ± 0.5 for CqACT2 and CqMON1, respectively. CqACT2 was selected as the primary reference gene due to its higher expression levels. The results were verified by CqMON1, which showed similar expression with and without P. variabilis treatment (Fig. 6A ).
Plant defense response against biotrophs usually involves the activation of the salicylic acid (SA) Understanding the molecular response and defense mechanisms involved in the higher P. variabilis tolerance during infection in the Kurmi cultivar can contribute to the development of resistant quinoa cultivars in future breeding programs.
